By means of the enrichment culture technique, a mixed population of microorganisms was obtained which catalyzed the dispersion of crude oil in supplemented sea water. From this enrichment culture, eight pure cultures were isolated and studied. Only one of the isolates (RAG-1) brought about a significant dispersion of crude oil. RAG-1 has been tentatively characterized as a member of the genus Arthrobacter. The other seven isolates gave rise to colonies on supplemented oil agar, but were neither able to disperse oil nor to stimulate the dispersion catalyzed by RAG-1. The dispersion of crude oil by either RAG-1 or the enrichment culture was absolutely dependent on exogenous sources of nitrogen and phosphorous and completely inhibited by 10-2 M azide. The increase in cell number of RAG-1 was directly proportional to the concentration of crude oil added to the medium over the range 0.05 to 1.0 mg/ml.
The possibility of employing microorganisms for the degradation of petroleum and its derivatives in minimizing contamination due to oil leaks and spills has prompted a number of investigators to study the process in the laboratory (2, 3, 5, 6, 8, 9, 12, 14) . For example, Miget et al. (8) have recently described the isolation of 50 active oil-degrading cultures (mixed cultures) from sea water and sediments containing crude oil. In the most active preparations, 40 to 55% of the oxidizable crude oil was degraded in enriched sea water in 60 hr. In general, the degradation was accompanied by an emulsification, resulting in a greater oilwater interface. This is significant since there is evidence to indicate that the greater the oilwater interface, the faster the rate of oil decomposition by microorganisms (3, 10, 13) .
The present investigation was undertaken in order to study some The second group of experiments was performed with pure cultures obtained by streaking the enrichment culture onto either nutrient agar or oil agar. Eight different colony types were isolated and found to grow both on nutrient-and oil-containing media. The isolates were maintained by periodic transfer on nutrient agar. In order to obtain a standard inoculum, isolates were grown for 24 hr in nutrient broth, harvested, washed three times, and suspended in saline.
Determination of oil dispersion. To estimate the extent of oil dispersion, culture flasks were shaken vigorously, and 5-ml samples were transferred immediately to 150 by 14 mm test tubes. After allowing the mixture to stand for 2 min, 2 ml was carefully removed from the middle of the liquid column and transferred to micro-Klett tubes for measurement of turbidity in a Klett-Summerson colorimeter fitted with a green filter. Sterile medium served as a blank. Controls in which microbial activity was inhibited by azide yielded readings of less than 5 Klett units (KU). Where oil dispersion was evident (e.g., Fig. 1 ), turbidities between 100 and 1,000 KU were generally recorded. Turbidity due to bacteria was only about 10 KU per 108 microorganisms per ml of either mixed populations or pure cultures.
Determination of oil conversion. For the purposes of this paper, oil conversion is defined as the process by which crude oil is converted to a form which is no longer extractable by benzene. Oil conversion was determined by extracting 300 ml of incubation mixture with 30 ml of benzene; the aqueous phase was extracted a second time with 30 ml of benzene, and the combined benzene fractions were filtered through Whatman no. 1 filter paper in order to clarify the extract. The benzene was evaporated at 37 C to constant weight in a tared large petri dish.
Cell growth. Viable cell numbers were determined by spreading 0.1 ml of an appropriate dilution onto nutrient agar. Colony counts were performed after incubation at 32 C for 4 days. Within experimental error, the viable count was equal to the total cell count as determined by use of a Petroff-Hauser counting chamber.
RESULTS
Dispersion of crude oil by mixed cultures. By utilizing the enrichment culture technique (see Materials and Methods), a mixed culture of microorganisms was obtained which grew on crude oil as the sole source of exogenously added carbon and energy. After 2 to 4 days, the fraction of oil which was not degraded became visibly dispersed in the enriched sea water (Fig. 1 ). In the presence of 10-2 M azide or in the absence of shaking no dispersion was evident, even upon prolonged incubation. Figure 2 summarizes three parameters which accompanied the oil dispersion. The viable count increased about 100-fold during the first 24 hr and then declined steadily. More frequent measurements of the growth rate during the first day indicate an average doubling time of approximately 3 hr for the mixed culture under the conditions employed. The pH decreased from 7.5 to 5.0 during the first 2 days and then remained constant for the duration of the experiment. Most of the drop occurred during the second day, a time when there was no net increase in the number of viable cells. In certain other experiments in which inbuation was continued for longer periods, the pH rose slowly back to about 7.0. The last parameter to change was oil dispersion, which occurred only after a lag of 2 days. The oil emulsion was stable even in prolonged experiments where the pH rose to 7.0. The data summarized in Fig. 3 demonstrate that the oil dispersion is a biological process requiring supplementation of the sea water. In the presence of azide there was no measurable oil dispersion and only a small drop in the pH. The small population of azide-resistant microorganisms which began to increase after a day were apparently unable to disperse the oil. It is possible that they were able to increase to 107 per ml at the expense of the 0.005% yeast extract in this medium. Without any supplementation of the sea water with ammonia, phosphate, and yeast extract, there was no oil dispersion and the microbial population was limited to 2 x 107 cells/ml. If the crude oil was filter sterilized and no inoculum was added, no changes in pH or oil dispersion occurred. Experiments in which the inoculum was supplied either by fresh sea water or crude oil rather than by the enrichment culture gave variable results. In some cases, oil dispersion was almost as rapid as with the inoculum from the enrichment culture; in other cases, there was no significant change in the oil for more than 2 weeks.
The results of a more extensive study of nitrogen and phosphorus requirements for microbial oil dispersion of crude oil indicated that optimum rates of oil dispersion were achieved when K2HPO4 and (NHJ)2SO4 were added to the sea water to final concentrations of 0.029 mm and 7.6 mm, respectively. These experiments were performed in the absence of added yeast extract since preliminary data indicated that, with adequate concentrations of ammonia and phosphate, there was no stimulation by yeast extract. Oil dispersion was never observed unless the sea water was supplemented with both a source of nitrogen and phosphorus. Ammonium chloride could substitute for ammonium sulfate.
Dispersion of crude oil by pure cultures. When the enrichment culture was streaked onto supplemented oil agar plates, several different colony types were observed. The eight most frequent types were obtained in pure culture by standard bacteriological techniques and screened for their ability to disperse oil. It is interesting to note that all of the isolates could form colonies both on supplemented oil agar and nutrient agar. However, only one of the isolates, subsequently referred to as RAG-1, brought about a significant dispersion of crude oil. Although the other seven isolates could grow on supplemented oil and several of them could lower the pH to 5 to 6, they neither dispersed the oil nor stimulated the dispersion catalyzed by RAG-1.
RAG-1 has the following characteristics. Figure 4 shows the kinetics of cell growth, oil dispersion, and changes in the pH brought about by RAG-1. In general, the data are similar to those shown in Fig. 2 Since oil dispersion in the unbuffered system was invariably accompanied by a drop in the pH and a decline in the viable count, it seemed worthwhile to measure oil dispersion under conditions of pH control ( Table 2 ). The data clearly indicate that oil dispersion occurs at least as well from pH 6.8 to 7.4 as at pH 5.1. Furthermore, some of the pure cultures isolated were able to multiply on crude oil and lower the pH to 5 to 6, but were unable to disperse the oil. Thus, acidic conditions are neither necessary nor sufficient for oil dispersion.
Preliminary experiments indicate that RAG-1 catalyzed dispersion is brought about by the production of a dispersing agent(s), which can be found in the supernatant fraction. Following separation of the cells from the growth medium by centrifugation at 15,000 x g for 20 min, all of the dispersing power was in the supernatant fraction. When crude oil was added to the supernatant fraction, oil dispersion was rapid (within 60 min) and was unaffected by the presence of 10-2 M azide. Similarly, the supernatant fractions obtained following growth of RAG-1 on sea water with pentadecane, hexadecane, heptadecane, or succinate as sole sources of added carbon were capable of rapidly emulsifying crude oil. Table 3 . The conditions employed in this experiment more closely approximate the "natural" situation since neither the sea water nor crude oil were sterilized. Without supplementation with ammonia and phosphate, no dispersion was recorded even if the flasks were inoculated with RAG-1. The most rapid and reproducible dispersion of oil took place when the flasks were supplemented with ammonia, phosphate, and an inoculum of RAG-1. However, in some experiments the sea water or crude oil, or both, provided a sufficient inoculum of microorganisms so that addition of RAG-1 was unnecessary. Organisms capable of dispersing crude oil and resembling RAG-1 morphologically were occasionally isolated from nonsterilized crude oil in the presence of sterilized sea water supplemented with ammonia and phosphate. Growth and oil conversion by RAG-1 as a function of oil concentration is shown in Table  4 . Over the range 0.05 to 1.0 mg of crude oil per ml, the cell increase was directly proportional to the quantity of crude oil added to the medium. Within this linear range, 1.0 mg of crude oil yielded 9 x 107 cells and approximately 65% of the oil was converted into a nonbenzene extractable form. The average doubling time was approximately 170 min under the conditions employed for this experiment.
DISCUSSION
The emulsification of crude oil by bacteria is absolutely dependent on exogenous sources of nitrogen and phosphorus, in agreement with the observations of other investigators (1, 7, 11) . This requirement for nitrogen and phosphorus was observed regardless of whether an enriched population or a pure strain was used to catalyze the emulsification. The dependence on an exogenous source of nitrogen and phosphorus was found even when fresh nonsterilized sea water was used as a source of inoculum, and most likely accounts for the very slow breakdown of oil in the open sea.
Although a number of investigators have studied the utilization of crude oil catalyzed by enrichment cultures, attempts to reproduce the process by pure cultures were unsuccessful (Table 2) provides some evidence for this suggestion. Alternatively, the breakdown of crude oil may not be as effective in an open system due to the dilution of factors required for growth or degradation, or both, by the bacteria. In this regard, the strict requirement for nitrogen and phosphorus supplementation suggests that the utilization of microorganisms in the treatment of oil pollution must be limited to situations in which the polluting oil is confined.
